ABSTRACT To date, no information is available concerning the impact of maternal age on offspring in long-lived social Hymenoptera. We have examined the inßuence of maternal age on embryo mortality and juvenile growth in offspring in 29 freshly mated (Y0), 29 1-yr-old (Y1), and 18 2-yr-old (Y2) queen honey bees, Apis mellifera L. (Hymenoptera: Apidae). Embryo mortality increased signiÞcant with maternal age (Y0 ϭ 9.1%, Y1 ϭ 12.5%, and Y2 ϭ 30.7%). Egg size declined signiÞcantly with queen age, did not affect embryo mortality, but did inßuence embryo size within the egg. (r ϭ 0.54 Ð 0.98). Embryo size until hatching, observed under standardized in vitro conditions, was significantly affected by the age of the mother. Maternal age also signiÞcantly inßuenced larval size at an early stage (day 1) but not during later larval growth. Compensatory growth and nonrandom sampling attributable to higher mortality, especially in Y2 offspring, may explain the smaller impact of maternal age in the later larval stage. Embryo mortality was extremely high (55.7%) in the offspring of Y2 queens during the experiments on embryo growth, which required a frequent transfer and observation of the embryos outside the incubator. The stronger response of juvenile stages from older mothers to this manipulation indicates that they are likely to be much more sensitive to stress than offspring from younger mothers.
The impact of maternal age on offspring is a widespread phenomenon in many species (Parsons 1964, Mousseau and Dingle 1991) . The parental age effect can carry over to later generations (Hercus and Hoffmann 2000) , with important ecological and evolutionary consequences (Kirkpatrick and Lande 1989) . Maternal age has been found to affect the viability of larvae in Drosophila (Hercus and Hoffmann 2000 , Kern et al. 2001 , Priest et al. 2002 , egg hatch in beetles (Fox 1993) , growth and immune reaction in birds (Saino et al. 2002) , and life span in many species (Lansing 1947 , Ludwig and Fiore 1960 , Raychaudhuri and Butz 1965 , Priest et al. 2002 , Fox et al. 2003 .
The honey bee, Apis mellifera L. (Hymenoptera: Apidae), has two alternative female castes (queens and workers). The reproductive queens are long-lived and can survive as long as 5 yr, whereas the nonreproductive worker bees survive between 4 and 6 wk in summer but for up to 5 mo in winter (Winston 1987) . The ability to sustain both high reproduction and long life and the extreme plasticity of longevity in this species make the honey bee an attractive model species for investigating proximate mechanisms of life span regulation (Mü nch et al. 2008) . Maternal age effects are assumed to affect not only life history traits of offspring directly (Hercus and Hoffmann 2000) but also the evolution of aging (Priest et al. 2002) . In social insects, especially in the honey bee, a wealth of literature is available on the evolution of social behavior (Crozier and Pamilo 1996) and senescence (Remolina et al. 2007 , and references therein), but information on the impact of maternal age on offspring characters is lacking. Parental age may be involved in a link between these features. The comparatively poor knowledge of maternal age in social Hymenoptera is surprising, because maternal effects inßuence offspring enduringly and in a complex manner. Flanders (1959) suggested that the aging of the queen enhances embryonic starvation in some colonies. The magnitude of embryo mortality may impact the use of this commercial important species. Akyol et al. (2007) found declining brood production and less honey in colonies as queens age. In addition to reduced laying performance and pheromone production, this queen age-related deÞciency in colony output may also be affected by a higher mortality and an inferior quality of their offspring. In this study, we have used the ease of observing embryonic development within the egg and later larval development to gain insights into the impact of maternal age on early embryonic mortality and on the ontogenesis of offspring in this long-lived social species.
Materials and Methods
In total, 76 queens were categorized into three age groups: freshly mated queens (Y0), n ϭ 29; 1-yr-old queens (Y1), n ϭ 29; and 2-yr-old queens (Y2), n ϭ 18. Y1 and Y2 queens were gathered from several beekeepers at various locations in Germany. The queens were introduced into small hive boxes intended for mating nuclei (F. Wienhold, Lauterbach, Germany) to adjust for any potentially different capacities in egg laying of the differently age queens. The nuclei contained two combs with nectar and pollen, three brood combs, and Ϸ3,000 bees from mixed and unrelated origin. Only queens producing completely diploid broods were used in this study. The ages of the collected queens were indicated with numbered disks or by color coding according to the International Queen Marking Color Code. In addition, virgin queens of a different origin (Y0) were reared and allowed to mate naturally.
For the measurement of early embryonic mortality (EEM), in 2005 and 2006, empty combs were introduced into the mating nuclei, and eggs that were laid within a 6-h interval were used for testing embryo mortality. Batches of 20 eggs each from 45 queens in total (Y0 ϭ 17, Y1 ϭ 17, and Y2 ϭ 11) were investigated. The eggs were removed from worker cells with a plastic grafting tool. The eggs were gently touched at the caudal end causing it to stick it on the grafting tool. Eggs damaged during this manipulation (Ϸ5%) were excluded from further analysis. The egg area at the beginning of embryonic development (8 Ϯ 2 h) was measured to obtain an estimate of the amount of nutrition provided. Eggs were incubated inside a petri dish with wet Þlter paper (34.5ЊC and 75% RH) for further embryonic observations. Embryonic mortality was observed by covering each egg with parafÞn oil to make the chorion transparent (Counce 1961) and to allow in vivo observation of the embryo within the egg (DuPraw 1967) . This method has no effect on mortality or embryo development in insects (Parker et al. 2004 ).
For measurements of embryonic development (experiments conducted in 2006), 310 freshly laid eggs (8 Ϯ 2 h) in total, i.e., 10 eggs from each queen (Y0 ϭ 12, Y1 ϭ 12, and Y2 ϭ 7), were investigated. Embryonic development was measured at 8-h intervals after oviposition. Except for the more frequent measurements, the experimental conditions were identical to the observations of embryo mortality. The length of the embryos was measured as the distance between the anterior and posterior pole of the egg chorion ( Fig.  1) , neglecting the amnion-seroza (Milne et al. 1988) . The width was measured in the middle of the long axis of the egg. Embryos that did not develop completely were excluded from analysis. The area of the eggs was measured by chosing 30 positions on the outer shell of the egg from which the software could calculate the area. The ratio of length/width was used in embryos and larvae as an indication of possible nonproportional development.
For larval development, the offspring of 25 queens were tested for larval development (Y0 ϭ 8, Y1 ϭ 12, and Y2 ϭ 5). Ten larvae per queen were collected after 6 Ð12 h and reared artiÞcially under incubator conditions (34.5ЊC and 75% RH). Rearing under standardized in vitro conditions was used to compensate for the foster effect of colonies headed by the differently aged queens. For the rearing of worker larvae, we used the diet described by Genersch et al. (2005) , consisting of 66% royal jelly (vol:vol), 3% glucose (wt:vol), and 3% fructose (wt:vol) in sterile distilled water. We measured the larvae at days 1, 3, and 5. Larval length was measured from anterior to posterior, and the width was measured at the middle of the larval abdomen.
Micrographs of embryos and larvae at the described intervals were taken with a digital camera (Moticam 2300, Motic Instruments, Inc., Munich, Germany) connected to a light microscope. Length, width, and area were measured by means of special photo software (Motic Images Advanced 3.2, Motic Instruments, Inc.). Sizes of embryos and larvae were analyzed by using a linear model program (SAS 9.1 software package; SAS Institute 2003). Different parental genotypes for embryo development in the three age groups may mask the maternal age effect. Consequently, to obtain an unbiased estimate of the maternal age effect, the statistical model considered the age group and the parental descent nested within the age group. The least square means (LSM) for the maternal age effect were so adjusted for the average genotype of the sib group. TukeyÕs test was applied for multiple comparisons of means. Values are reported as LSM Ϯ SE and considered to be signiÞcant at P Ͻ 0.05. Chi-square analysis was performed to test the differences in mortality rates in the offspring of the differently aged queens. For comparison of the magnitude of the coefÞcients of variance (CV) and the Pearson correlation coefÞcients (r) between egg size and embryo size within the three age groups, statistical tests by Sachs (1976) were used. Fig. 2 ) was found to be signiÞcantly different ( 2 ϭ 44.65, P Ͻ 0.0001) between queens of different ages. Queens of Y2 showed a much higher embryonic mortality (30.7 Ϯ 8.9%) than young queens Y0 (9.1 Ϯ 3.5%). Y1 queens had an embryonic mortality rate of 12.5 Ϯ 9.5%. Mortality was not inßuenced by the size of egg from which the embryo originated. Adjusted for the age of queens in the statistical model, egg size did not differ signiÞcantly (F ϭ 0.20, P ϭ 0.66) between eggs suffering embryo mortality (LSM Ϯ SE, 0.38 Ϯ 0.01 mm 2 ) and eggs undergoing successful embryonic development (0.39 Ϯ 0.02 mm 2 ). Queen age did not signiÞcantly inßuence the proportion of experimentally damaged eggs ( 2 ϭ 0.032, P ϭ 0.98). The egg area differed signiÞcantly between the queen groups (F ϭ 55.32, P Ͻ 0.0001) (Fig. 3) . Eggs from Y2 queens were Ϸ34% smaller than eggs from Y0 queens. The coefÞcient of variation of egg area was higher in older queens (Y1; coefÞcient of variation ϭ 33.7 and Y2; coefÞcient of variation ϭ 29.5) than in young queens (Y0: coefÞcient of variation ϭ 24.8).
Results
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Magnitude of coefÞcient of variation between Y0 and Y1 differed signiÞcantly (P Ͻ 0.001), the differences between Y0 and Y2 (P Ͻ 0.08) and between Y1 and Y2 (P Ͻ 0.25) were not signiÞcant. The correlation (r) between egg area and embryo length (72 h) was highly signiÞcant in every age group (Y0: r ϭ 0.545, Y1: r ϭ 0.966, Y2: r ϭ 0.948) and differed signiÞcantly in magnitude between young and old queens (Y0:Y1, P Ͻ 0.001; Y0:Y2, P Ͻ 0.005, but Y1:Y2, n.s.) The size of the embryo was signiÞcantly inßuenced by parental genotype (P Ͻ 0.001Ð 0.0001), whereas the ratios of length to width showed no signiÞcant differences between sibs until hatching.
Embryo length (Fig. 4 ) and embryo width (Fig. 5 ) were consistently and signiÞcantly the highest in Y0 queens and the lowest in Y2 queens. The length and width of Y1 embryos were intermediate. The ratio of length to width of the embryos did not differ signiÞcantly between the age groups at any embryonic developmental stage (Fig. 6 ). Only data from fully developed embryos were considered in these comparisons. However, during the process of observing embryo development, we noted that the offspring of older queens showed a signiÞcantly ( 2 ϭ 89.79, P Ͻ 0.0001) higher mortality rate than the offspring of young queens (Y0 ϭ 5.0 Ϯ 6.7%, Y1 ϭ 8.3 Ϯ 7.7%, Y2 ϭ 55.7 Ϯ 16.1%).
The length and width of larvae and the ratio between these characters (except for the ratio measurements at day 5) were signiÞcantly inßuenced by parental genotype. Larval sizes (length and width) differed only signiÞcantly at day 1 with respect to maternal age. SigniÞcant differences in size were no longer found at days 3 and 5. Moreover, the ratio of length/width of the larvae also differed signiÞcantly only at day 1. We did not Þnd any mortality during this aspect of the experiments (Table 1) .
Discussion
Embryo mortality is strongly affected by the age of the mother in the honey bee. In our study, the offspring of 2-yr-old queens show a Ͼ3 times higher mortality than the offspring of young queens. A negative correlation between maternal age and hatching rate of offspring has also been shown by Fox (1993) , Hercus and Hoffmann (2000) , and Kern et al. (2001) . The smaller size of eggs laid by older females is assumed to affect the hatching rate (Azevedo et al. 1997) . As in our study, egg size has generally been reported to decrease with maternal age (Jones et al. 1982 , Wiklund and Persson 1983 , Fox 1993 , Mohaghegh et al. 1998 ). This decrease in egg size is generally attributed to a depletion of the femaleÕs resources, such that later-laid eggs are smaller. Although eggs from old queens are, on average, 30% smaller than those from young queens, we have not found an association between egg size and embryo mortality. Egg size in a large range of taxa has been shown to be positively correlated with survival (Gall 1974 , Wallace and Aasjord 1984 , Marshall and Bolton 2007 . However, several studies also support our results of a lack of association between egg size and embryo mortality (Williams et al. 1993 , Meathrel et al. 1993 , Jó nsson and Svavarsson 2000 . As shown by McIntyre and Gooding (2000) and Giron and Casas (2003) , maternal age effect may lead to poorer egg quality. We can only speculate about the impact of an age-related qualitative decrease in egg provisioning on embryo mortality in the honey bee. Nevertheless, such a link does indeed seem to exist in this species.
In addition to these quantitative and qualitative egg-provisioning effects on embryo mortality, some other factors are assumed to contribute to early embryonic mortality. Mitochondrial DNA, which is inherited solely through the maternal line, is known to be the major target of oxidative damage and may, therefore, be responsible for the age-related accumulation of the genetic load (Wallace 1994 , Gavrilov et al. 1997 ). An age-related accumulation of mutations may inßuence embryo mortality in a twofold manner: directly by mutation in the germ cells and indirectly via mutations in the somatic cells of the mother, which may additionally decrease her potential for sufÞcient egg provisioning. Another potential mechanism in- Means that differ signiÞcantly at P ϭ 0.05 are indicated by different letters (ratio represents width/length). SigniÞcant differences were evident only at day 1 (length: F ϭ 32.96, P Յ 0.0001; width: F ϭ 14.61, P Յ 0.0001; ratio: F ϭ 4.27, P Յ 0.015).
volves the weakening of the microtubule network during meiosis in aging oocysts; this can result in an increased frequency of aneuploidy or trisomic zygotes in older mothers (Schatten et al. 1999) .
At the beginning of development, the large rough cell body occupies nearly the entire egg volume. As the number of the cells continues to increase, the pyriform Þgure grows both in length and width, until Þnally the cells become smaller and more compact during ontogenesis (Nelson 1915 , DuPraw 1967 . However, the embryo size at each experimental stage is signiÞcantly smaller in offspring of older queens than in young queens. We have not discerned any maternal age effect on the ratio between width and length, either in the embryo or at the larval stage, except at larval day 1. This indicates that maternal age signiÞcantly affects the size of surviving offspring but that, above a speciÞc limit of maternal age, related handicaps observable as unproportional growth (Fig.  2) lead to death. This occurs more frequently in the offspring of older queens. Giron and Casas (2003) and McIntyre and Gooding (2000) have reported a marked decrease in reproductive investment in eggs with motherÕs age in the parasitic wasp Eupelmus vuilletti (Crowford) (Hymenoptera: Eupelmidae) and in the house ßy, Musca domestica L. (Diptera: Muscidae), respectively. A vast body of literature exists with respect to the impact of maternal investment on the body size of offspring of various species (Bernardo 1996 , and references therein). We have observed a signiÞcant decrease in egg size as queens age and a highly positive correlation between individual egg size and embryo size shortly before hatching. However, the magnitude of the association differs signiÞcantly between the older (Y1 and Y2, r Ͼ0.9) and the young queens (Y0, r ϭ 0.54). In addition to the reduced average, our data are likely to support the resource depletion hypothesis (Yanagi and Miyatake 2002) that older females are physiologically limited in their ability to produce identically sized offspring. We also observed an increased coefÞcient of variation of egg size in older queens. This provides an explanation for the age-dependent association between egg and embryo size. The large and more uniform egg size in young queens seems to provide, but only to a minor degree, a limiting factor for embryonic development. At the signiÞcantly smaller and more variable egg size in older queens, the developing embryos seem to reach the limits of maternal provision more frequently; this increases the correlation between egg and embryo size. Under natural condition an even higher variation in old queen bees is to be expected, because under these conditions, aged queens are likely to enter the upper limit of their egg-laying potential.
A large maternal age effect has been detected on mortality and embryo size in early development. However, a signiÞcant maternal age effect on larva size is only found at the beginning (Þrst day) of larval growth. Because of the link between adult mass and Þtness (Roff 2002) , animals are expected to compensate for any stress that would negatively affect Þnal mass. Compensatory growth is a well-known phenomenon in all species (Wilson and Osbourn 1960) . In general, maternal effects are strongest early in ontogeny and are diluted during development as the genes of the offspring are expressed (Rutledge et al. 1972 , Lindströ m 1999 . However, the Þnding that larvae of differently aged mothers do not differ in size at later developmental stages does not mean that they will not suffer a disadvantage in later life. Several studies in diverse taxa have shown that, even if an organism seems to recover from deprivation when resources subsequently improve, nutritional deÞcits during early development can have profound, pervasive, and permanent effects on the adults and their offspring Monaghan 2001, 2003; Fischer et al. 2006 , Block et al. 2008 . For the adjustment of rearing in the different colonies, we have used a standard in vitro larval rearing technique. The absence of mortality and normal growth up until day Þve has proved this method to be suitable, comparable with Peng et al. (1992) . However, we cannot exclude the possibility that, under in vivo conditions, age-related interactions occur. We allow our larvae to feed ad libitum. Under natural conditions, nursing bees may adapt the amount of food to larval size and, consequently, the impact of maternal age may be observable for longer and may result in prolonged development. We can only speculate whether compensatory growth or adaptation to a poor start is bought at a cost later in life. Conforming results from several species (reviewed by Mousseau and Dingle 1991), we also have found signiÞcant differences with respect to longevity in worker bees from old and young mothers (unpublished data) .
In addition to compensatory growth, another reason might mask the impact of maternal age on size at later larvae development in our study: wide maternal agedependent differences in embryo mortality. In older queens, 30 Ð50% (under experimental stress) of embryos die, with fewer being lost from young mothers. The most handicapped individuals probably do not survive in all age groups. The extremely different mortality rates seen between the offspring of young and old mothers results in a nonrepresentative sample in the aged mother group. The high mortality rate in offspring of old queens tends to increase the average size in this group and consequently masks the extent of size differences between age groups. The maternal age effect on embryo size found at the beginning of larval development is probably a quantitative nutritional one (different egg size). Nevertheless, we cannot exclude additional age-related effects, such as qualitative nutrition effects (Bernardo 1996) and/or an accumulation of genetic abnormalities in eggs as mothers age (Crow 1997) . In addition, when a queen ages, the semen stored in her spermatheca also ages. Honey bee semen is fertile for several years, but so far no studies exist on the effect of the long-term natural storage of semen on the viability of offspring.
Little is known of the role that parental age plays on the response to selection (Priest et al. 2002) . To our knowledge, no data are available on the inßuence of parental age on natural selection in eusocial societies. The observed implications of maternal age on offspring may inßuence natural selection in a two-fold manner. First, increased queen age might result in fewer and (to a so far unknown extent) handicapped nursing bees. Consequently, colonies headed by old mothers might be expected to suffer lower quantity and quality in drones and queens. Second, not only postnatal fostering is negatively governed by maternal age but also the prenatal supply of the potential gyns. The contemporary incidence of these maternal agerelated handicaps is likely to result cumulatively in a substantial decrease in Þtness of gyns from old mothers in social societies. We have established this negative maternal age impact only for worker bees, but there is no reason to assume that this mechanism works differently in queens and drones. Priest et al. (2002) have suggested that the parental age effect plays a fundamental role in the evolution of aging. In addition to the common trade-offs between maternal age and life history traits within gyns in eusocial insects, the trade-offs between life history traits in queens and workers have to be considered. In contrast to the species previously studied, reproductive success depends not only on the quality of the reproductive offspring but also directly on the maternal age-affected phenotype of the infertile workers. To date, studies on responses to selection within eusocial societies (Owen 1989 ) do not take a maternal age effect into account. Maternal age deÞnitively plays a significant role in the honey bee and perhaps also in other social Hymenoptera. Considerations of maternal agerelated trade-offs within and between the castes thus provide a challenge for future research.
The honey bee is the principal species for crop pollination worldwide, with a decisive impact on the quantity and quality of agricultural crops (Morse and Calderone 2000) . Because of the smaller size of colonies headed by older queens (Akyol et al. 2007 ), the pollinating ability and consequently the ecological beneÞt of honey bees also are likely to be reduced. Our data indicate that this is attributable not only to reduced laying capacity and/or pheromone output of aged queens but also to the increased mortality and possibly reduced vitality of the surviving offspring of older queens.
The consequences of another result of this study are worthy of consideration. We have observed extremely high mortality (56%) in the embryos of queens of 2 yr of age. This experiment required the repeated manipulation. The offspring of aged queens were much more sensitive to this experimental stress than were the offspring of younger mothers. We thus assume a higher responsiveness of juvenile stages to several stress factors as queens age. This hypothesis is supported by the results of the German Honey Bee Winter Losses Monitoring Program. The recording of all possible factors on colony winter losses has revealed that three factors signiÞcantly affect mortality: Varroa, viruses, and the age of the queen (an as yet unpublished report but available under http:// www.ag-bienenforschung.de/). The current study indicates that the offspring of old queen bees might also respond signiÞcantly more sensitively to the natural stresses that the honey bee colony has to face. As a consequence for beekeeping, the use of older queens (Ն2 yr) is thus likely to be associated with a decrease in colony performance and reduced resistance to stressinduced damage.
